Abstract Dendrobium sonia-28 is an important ornamental orchid in the Malaysian flower industry. However, the genus faces both low germination rates and the risk of producing heterozygous progenies. Cryopreservation is currently the favoured long-term storage method for orchids with propagation problems. Vitrification, a frequently used cryopreservation technique, involves the application of pretreatments and cryoprotectants to protect and recover explants during and after storage in liquid nitrogen. However, cryopreservation may cause osmotic injuries and toxicity to cryopreserved explants from the use of highly concentrated additives, and cellular injuries from thawing, devitrification and ice formation. Reactive oxygen species (ROS), occurring during dehydration and cryopreservation, may also cause membrane damage. Plants possess efficient antioxidant systems such as the superoxide dismutase (SOD) and catalase (CAT) enzymes to scavenge ROS during low temperature stress. In this study, protocorm-like bodies (PLBs) of Dendrobium sonia-28 were assayed for the total protein content, and both SOD and CAT activities, at each stage of a vitrification exercise to observe for deleterious stages in the protocol. The results indicated that cryopreserved PLBs of Dendrobium sonia-28 underwent excessive post-thawing oxidative stress due to decreased levels of the CAT enzyme at the post-thawing recovery stage, which contributed to the poor survival rates of the cryopreserved PLBs.
Introduction
The orchid genus Dendrobium is increasingly popular in the international floriculture industry due to its floriferous flower sprays, wide spectrum of colours, sizes and shapes, year-round availability and long flowering life [1, 2] . Dendrobium sonia-28, a hybrid resulting from the cross between two different hybrids, Dendrobium Caesar and Dendrobium Tomie Drake, is prized for its pink-coloured and good cut flowers [3] . Orchids possess a unique developmental cycle that centres on a specific organ called the protocorm, which develops from the seed [4, 5] . Both protocorms and protocorm-like bodies (PLBs), which are functionally and structurally similar to the former, are integral in the culturing and propagation of orchids in vitro [4, 5] .
In vitro cryopreservation, a component of the ex situ conservation, involves the storage of viable cells at ultra-low temperatures (−196°C), usually in gas phase or liquid nitrogen. The metabolic activities of the cells are assumed to be arrested at such temperatures, hence stabilising the cells for indefinite periods as long as the liquid nitrogen supply is maintained [6] . Great importance is currently placed on preserving cultured cells and somatic embryos that express unique characteristics [7] , and in preserving endangered and rare plants [7] [8] [9] . The vitrification method, popular in the cryopreservation of orchid seeds, is a quick, simple, reliable, low-cost and practical method of conservation [10] . Cell viscosity is enhanced through the addition of cryoprotective substances at high concentrations, and by removing water from the target explants through evaporative desiccation and/or osmotic dehydration. A solution turns into an amorphous glassy solid, or glass, as a result of vitrification [11] . A popular choice for plant cryopreservation is a glycerol-based vitrification solution designated as plant vitrification solution 2 [PVS2, 12], containing 30 % glycerol (w/v), 15 % ethylene glycol (w/v) and 15 % dimethylsulfoxide (DMSO; w/v) in basal culture medium containing 0.4 M sucrose (pH 5.8).
Cold or freezing stress usually initiates the formation of reactive oxygen species (ROS) such as the superoxide radical (O 2 •) hydrogen peroxide (H 2 O 2 ), the hydroxyl radical (•OH) and singlet oxygen (O 2 1 ) [12, 13] . The ROS are generated when plants possess impaired stromal metabolism, but experience highly energized primary photochemistry, and may cause membrane damage through the formation of radicals, which often occurs during dehydration and cryopreservation [14] . Earlier studies have indicated that plants are able to limit damages incurred from dehydration by maintaining the physiological integrity in the desiccated state and possessing repair mechanisms to recover from the damage upon rehydration [15, 16] . Enzymes are also produced to scavenge the ROS and regenerate the active form of the antioxidants [17] . Antioxidant enzymes such as superoxide dismutase (SOD), catalase (CAT) and guaiacol peroxidase, and the enzymes ascorbate peroxidase, dehydroascorbate reductase, monodehydroascorbate reductase and glutathione reductase in the Halliwell-Asada cycle are effective and efficient against various oxidative stresses [18, 19] .
Superoxide dismutase catalyses the formation of hydrogen peroxide (H 2 O 2 ) and molecular oxygen (O 2 ) from the dismutation of O 2
• free radicals and hydrogen ions (H   +   ) [20]:
Studies on the activities of the SOD have indicated that the enzyme is an integral component of the cellular defence against various stresses, including cold or freezing treatments [20] . General observations of transgenic plants expressing higher SOD levels indicate that they are able to withstand oxidative stresses caused by high light intensity, low and freezing temperatures, and by the herbicide methyl viologen [21] [22] [23] [24] . Many samples are tested for SOD activity photochemically using an assay system consisting of methionine, riboflavin and p-nitro blue tetrazolium chloride [25, 26] .
Catalase catalyses the decomposition of two H 2 O 2 molecules into an O 2 molecule and two molecules of water [27]:
Studies on the activities of CAT have indicated that the enzyme is an integral component of the cellular defence against various stresses, including cold or freezing treatments. Chilling-related decreases in CAT activity have been reported in various studies [28] [29] [30] , with one report indicating that catalase is susceptible to photoinactivation [30, 31] . Catalase activity can be measured as the decrease in the absorbance value of H 2 O 2 at 240 nm [32] [33] [34] .
Orchid protocorms contain high amounts of unbound water in their cells [5, 35, 36] which is easily crystallised during a cryopreservation exercise, causing lethal damages to the tissue during the freeze-thaw cycle [5, 37] . Complicated multistage procedures applied in order to successfully cryopreserve such materials could be simplified if approaches on the detection of injuries at each stage of the cryopreservation protocol could be elaborated. The main issue arising during cryopreservation is whether cellular or tissue death occurs immediately during the freeze-thaw cycle or induced at a later stage by the damages obtained from the earlier stages [5] . This study was conducted to troubleshoot the stages of a typical vitrification experiment at which PLBs of Dendrobium sonia-28 may undergo stress, expressed as fluctuations in the total protein contents, and superoxide dismutase and catalase activities recorded at each stage of the cryopreservation process.
Materials and Methods

Plant Material and Media Preparation
Protocorm-like body cultures of Dendrobium sonia-28 ( Fig. 1) were initiated by aseptically culturing seeds of the hybrid in half-strength semi-solid MS medium supplemented with 2 % sucrose, 2.75 g.l − 1 Gelrite T M (DUCHEFA, Netherlands) and 1 mg.ml − 1 6-benzylaminopurine (BAP; DUCHEFA, Netherlands). The resulting cultures were chopped into clumps of two to three PLBs and subcultured every 4 weeks. The cultures were Ten (100±5 mg) 3-4-mm friable PLBs of Dendrobium sonia-28 were selected from 4-weekold cultures using a 2-mm gridlock graph paper, and precultured in semi-solid medium supplemented with 0.4 M sucrose for 48 h. The pretreated PLBs were then placed in 2 ml sterile cryovials (NALGENE, Nunc) and immersed in 1.5 ml loading solution for 20 min at room temperature (FINNPIPETTE, 1 ml), with an exchange of fresh solution at half-time intervals. The loading solution was aliquoted out of the cryovials, and the PLBs were then immersed in 1.5 ml PVS2 at 0°C for 50 min, with an exchange of fresh solution at half-time intervals. The cryovials were directly plunged and stored in liquid nitrogen (−196°C) for 24 h (MVE LAB 20). Frozen PLBs were thawed in a 40±2°C water bath for 90 s. Storage in liquid nitrogen and thawing were omitted for non-cryopreserved PLBs. The PVS2 solution was immediately removed from the cryovials. Both cryopreserved and non-cryopreserved PLBs were then immersed in 1.5 ml unloading solution for 20 min at room temperature, with an exchange of fresh solution at half-time intervals. The PLBs were placed on a piece of filter paper (Whatman No. 1, 5 cm) affixed on half-strength MS semi-solid recovery medium supplemented with 2 % sucrose, and left to incubate in the dark for 1 day, after which the PLBs were transferred onto fresh recovery medium excluding the filter paper. The growth recovery was first conducted in complete darkness for a week, followed by exposure to dim light (3.4 μmol.m
) using shaded cool white fluorescent lamps for 3 weeks. The PLBs were then incubated at 25±2°C under 16 h photoperiod using cool white fluorescent lamps (150 μmol.m −2 .s −1 ) in the subsequent weeks. In the case of the protein assays, recovery of both cryopreserved and non-cryopreserved PLBs was conducted for 1 week in complete darkness at 25°C. All cryopreserved and non-cryopreserved PLBs were subjected to a survival assessment through visual-2,3,5-triphenyltetrazolium chloride (TTC) observations [40, 41] . After the 3-week growth recovery treatment for both cryopreserved and non-cryopreserved PLBs, the PLBs were first assessed for growth, proliferation and colour (green) that could be observed with the naked eye. After that, all ten PLBs in a single replicate were placed in a blackcapped culture vial (21×85 mm), and 2 ml of the TTC buffer was aliquoted into the vial. The solution comprised of 0.6 % (w/v) TTC (Merck, Germany) and 0.05 % (v/v) Tween 20 (R&M chemicals, UK) in a buffer consisting of 0.05 M of both Na 2 HPO 4 .2H 2 O and KH 2 PO 4 (R&M chemicals, UK), set at pH 7.4. The culture vials were then incubated in the dark at a temperature range of between 27 and 30°C, for between 18 and 24 h. After the incubation period, the PLBs were subjected to a visual observation of the surface area stained with formazan, using a stereoscopic dissecting microscope (Olympus, Japan), with any signs of redness taken as an indication of PLB survival (Fig. 2a, b) .
Enzyme Extraction
The extraction process was conducted at each stage of the vitrification protocol (Fig. 3) . Stages that were selected for the enzyme extraction process included non-treated PLBs, loading, dehydration, cryostorage, thawing, unloading and growth recovery. The growth recovery sample collection was further divided into two parts: extraction after 24 h and 1 week of post-unloading recovery. Three replicates were assigned to each stage of the experiment, with each replicate consisting of 100±5 mg friable 3-4-mm PLBs that were weighed fresh from 4-week-old PLB stock, prior to the preculture step. The control consisted of friable 3-4-mm PLBs that were freshly obtained from 4-week-old PLB stock and not subjected to any stage of the experiment.
The extraction protocol was modified from that described by Samantary [42] and Monnet et al. [43] . Protocorms from each replicate of each stage of the experiment were immediately removed after the stage and homogenized using a precooled mortar and pestle (4°C) in 10 ml 100 mM potassium phosphate extraction buffer (pH 7.8) containing 2 mM EDTA ferric sodium salt and 2 % polyvinylpyrrolidone (R&M Chemicals, UK). The homogenate was aliquoted into 50-ml centrifuge tubes [Axygen Biotechnology (Taizhou) Co. Ltd. USA] and then centrifuged in a precooled microcentrifuge (4°C, UNIVERSAL 320 R, Hettich Zentrifugen, Germany) at 9,000 rpm for 30 min. The supernatant was then aliquoted into 1.5-ml microcentrifuge tubes (MCT-150-C Microtubes, Axygen Inc., USA) and stored at −41°C (Sanyo Biomedical Freezer, MDF-U5411, Japan), for later use in the Bradford, CAT and SOD assays. The Bradford assay reagent was prepared by dissolving 100 mg Coomassie® Brilliant Blue G-250 (Amresco®, USA) in 50 ml 95 % ethanol in the fume hood, at room temperature, followed by the addition of 100 ml 85 % (w/v) phosphoric acid (Bendosen, Norway) to this solution and diluting the mixture to 1 l with distilled deionised water [44] . The reagent was then filtered using a 0.45-μm syringe filter and a 10-ml syringe, poured into a 1 l glass-stoppered amber bottle and stored in the dark at 4°C. The reagent was warmed to room temperature and refiltered each time before use. Quantitative assessment of protein concentration was conducted by preparing a standard protein concentration curve for the Bradford assay [45, 46] .
Catalase Assay
The catalase (CAT) assay was adapted and modified from the protocol used by Cakmak and Marschner [47] and Monnet et al. [43] . The 3.1-ml assay contained 100 mM potassium phosphate buffer (pH 7.0) and 100 μl of enzyme extract obtained from each stage of the cryopreservation experiment. The potassium phosphate buffer was also designated as the blank. The reaction was initiated with the addition of 6 mM hydrogen peroxide (H 2 O 2 ). The decomposition of H 2 O 2 was monitored using a spectrophotometer set at 240 nm for every 30 s up to 3 min, at an ambient temperature of 25°C. The catalase activity was calculated using an extinction coefficient of 39.4 M −1 .cm −1 . Calculations of the CAT activity were derived from Flocco and Giuliettti [48] and Tijssen [49] . The results were first expressed as The superoxide dismutase (SOD) assay was adapted and modified from protocols used by Samantary [42] and Monnet et al. [43] . The assay mixture (3.0 ml), placed in 21×85-mm culture vials, contained 50 mM potassium phosphate buffer (pH 7.8), 9.9 mM L-methionine, 57 μM nitroblue tetrazolium 2-hydrochloride (NBT-2HCl), 1 % (w/v) Triton-X and 100 μl of enzyme extract obtained from each stage of the cryopreservation experiment. The reaction was initiated through the addition of 1.3 μM riboflavin and exposition under two 15 W fluorescent lamps for 15 min, with the lamps placed 8 cm away from the reaction samples. The light intensity hitting the samples was valued at 395.5 μmol.m −2 .s −1 . The reaction was stopped by switching off the lamps and covering the blue-coloured photoreduced reaction samples with a piece of black cloth. Tubes containing reaction mixtures devoid of the enzyme developed maximal colour. A non-irradiated mixture was designated as the blank. The photoreduction of the samples' NBT-2HCl content was read using a spectrophotometer set at 560 nm. One unit (U) of SOD is defined as the amount required to inhibit the photoreduction of NBT-2HCl by 50 %, and is expressed as enzymes units per milligram of protein. Hence, the photoinhibition percentages of all samples in this experiment were calculated using the following formulations [50, 51] : The vitrification experiment consisted of nine replicates containing ten PLBs per replicate. The PLB growth and visual-TTC observation means were compared through the independent samples t test, with the probability value set at 0.05. The total protein and enzyme assays consisted of three replicates containing 100±5 mg PLBs per replicate. Means were analysed through one-way ANOVA and differentiated with Tukey's test, with the probability value set at 0.05
Results
Vitrification of PLBs of Dendrobium sonia-28
Non-cryopreserved PLBs were able to resume growth and proliferate within a week of the entire procedure, but the growth data presented with high variability (Table 1 ). The growth of cryopreserved PLBs could not be sustained, and all PLBs that displayed green growth bleached or turned brown ( Fig. 2b ) with a single transfer from old medium to fresh medium. The cryopreserved PLBs displayed heightened light sensitivity as all cryopreserved PLBs displayed bleaching within a day of being exposed to light, at the end of a week of incubation in the dark. No visible growth was observed up to 3 weeks of the growth recovery period, despite incubation under dim light conditions for 3 weeks and signs of survival as indicated by the visual-TTC observations. Low recovery percentages of between 1 and 3 % were only obtained from the cryopreserved PLBs after 3 months of recovery under dimmed lighting (3.4 μmol.m −2 .s −1 ).
Determination of Total Protein Content Through Bradford Assay
There was a general reduction in the amount of total soluble proteins extracted from the various stages of the cryopreservation experiment, for both cryopreserved and noncryopreserved samples (Table 2 ). However, this reduction could only be observed after 3 days of treatments involving preculture, loading, dehydration and unloading for both types of samples, with the addition of cryostorage and thawing for cryopreserved samples. The untreated (control) sample presented with the highest protein content among all samples, at 3.31 μg.ml −1 of the enzyme extract. However, this amount was not significantly different from the amount of total soluble protein obtained from PLBs subjected to preculture, loading, dehydration and unloading in both cryopreserved and non-cryopreserved PLBs, and from freshly thawed PLBs in cryopreserved samples. The lowest amounts of proteins were produced in PLBs that underwent both stages of growth recovery, irrespective of their cryopreservation status. Cryopreserved PLBs produced 0.89 and 0.80 μg.ml −1 ( Table 2 ) Means with the same alphabets are not significantly different proteins at the first and second stages of the recovery process, respectively, while noncryopreserved PLBs produced 0.73 and 0.71 μg.ml −1 proteins at both stages, respectively ( Table 2 ). All four values obtained were significantly different from the amounts of total soluble protein obtained from untreated and thawed PLBs.
Catalase Assay
No significant differences were observed in the catalase activities of all samples tested at various stages of the cryopreservation and control experiments (Table 2 ). However, a general reduction was observed in the catalase activities of PLBs subjected to the consecutive treatments in the control experiment, and a general increase was observed in the catalase activities of PLBs subjected to consecutive treatments of the cryopreservation experiments, with a drastic reduction at the second growth recovery stage. In the control experiment, the highest catalase activity was observed after a 48-h preculture in 0.4 M sucrose, at 97.71 U.g −1 . This value was a slight increase from the catalase activity of untreated PLBs (85.50 U.g −1 ). The catalase activity of non-cryopreserved PLBs then reduced progressively to the lowest point, 24.43 U.g −1 , at the unloading stage, and increased to 32.57 U.g −1 at both recovery stages. However, there was a drastic increase in the catalase activities of cryopreserved PLBs at the thawing, unloading and first growth recovery stages, recording 114.00, 97.71 and 130.28 U.g −1 , respectively. The catalase activity then reduced greatly to 52.93 U.g −1 , which was higher than the catalase activity of non-cryopreserved PLBs tested at the same stage, but lower than that observed in control plants.
Superoxide Dismutase Assay
No significant differences were found between the means of non-cryopreserved PLBs that were subjected to various treatments of the control cryopreservation treatment (Table 2) . However, a pattern was detected in the response of the PLBs to different treatments in the protocol as the SOD activity of the samples showed a general increase throughout the treatment, peaking at the first growth recovery stage and reducing greatly at the second . The SOD activity then doubled to 63.98 U.mg −1 during preculture, and fluctuated throughout the loading, dehydration and unloading stages. The SOD activity tripled to 120.58 U.mg −1 at the first growth recovery stage, and reduced to 67.85 U.mg −1 a week later during the second growth recovery stage.
The SOD activity of cryopreserved PLBs also showed a general increase throughout the entire cryopreservation protocol, with a reduction detected at the unloading stage ( Table 2) . The means obtained from untreated plants, and PLBs that were subjected to thawing and the second growth recovery stages were significantly different from one another. The SOD activity of cryopreserved PLBs increased slightly to 64.95 U.mg −1 during thawing, and reduced to a third of the previous value at the unloading stage, at 27.76 U.mg −1 . The SOD activity of cryopreserved PLBs increased at both recovery stages, peaking at 148.03 U.mg −1 in the second growth recovery stage.
Discussion
Vitrification of PLBs of Dendrobium sonia-28
Direct immersion of tissues in LN usually requires a range of cryoprotective treatments [52] .
Comparisons between regrowth and ROS data indicated that metabolic processes in cryopreserved somatic embryos of olive were compromised by the least successful pretreatments [53] . It was also observed that sucrose-pretreated olive somatic embryos maintained a relatively low and constant capacity for TTC reduction, while sorbitoltreated embryos underwent a 'respiratory burst' during recovery [54] . Early observations of cryopreserved PLBs of Dendrobium sonia-28 have indicated that sucrose is a better pretreatment agent when compared to sorbitol (data not shown).
The most common approach of cryoprotection involves the treatment of samples with plant vitrification solution 2 (PVS2) for 30 to 90 min [52] . In the case of Dendrobium sonia-28, early observations have indicated that dehydration periods of less than 40 min did not produce viable cryopreserved PLBs, while PVS2 incubations greater than 80 min were detrimental to both cryopreserved and non-cryopreserved PLBs (data not shown). However, the cryopreservation protocol requires further optimisation in order to produce PLBs that survive the exercise. The supplementation of ascorbic acid in all vitrification media successfully produced up to 16 % survival for cryopreserved PLBs of Dendrobium sonia-28 (data not shown).
The Total Protein Content of PLBs of Dendrobium sonia-28 Subjected to Various Stages of the Control and Freezing Vitrification Treatments
The results of the total protein content from each stage of both the control and freezing vitrification exercises indicated that the protein content of PLBs of Dendrobium sonia-28 generally reduced when subjected to the cryopreservation protocol. Minute fluctuations in the total protein contents of the PLBs were observed in between the vitrification stages, with a drastic reduction observed during the growth recovery phases. This does not, however, reflect on the freezing tolerance of the PLBs as stress-tolerance proteins could have been synthesized on a smaller scale in lieu of the proteins that are synthesized under normal conditions, for instance the production of excess CAT and SOD enzymes, as evidenced by their increased activities in cryopreserved PLBs of Dendrobium sonia-28.
Several proteins that are expressed in the cytosol or apoplast when a plant cell is exposed to low temperatures play important roles in cryoprotection, lipid metabolism alteration, protein protection, desiccation tolerance and sugar metabolism [14, 55] . Three classes of proteins have been identified to accumulate outside the cells in the apoplast during cold acclimation: proteins that modify the cell wall; pathogenesis-related proteins that are involved in the signal transduction pathway induced during general stress response and antifreeze proteins that interact with extracellular ice [14, 56] . It was suggested that the proteins induce plants to retain above-zero tissue temperatures for a period of time, hence providing a buffering period for the plant cells to acclimatize to subzero ambient temperatures [14, 57] . Several heat-stable proteins with molecular masses of 34.3, 28.7, 19.2, 17 .0 and 13.3 kDa were shown in SDS-PAGE profiles to accumulate extensively when the water content in PLBs of Dendrobium candidum was reduced to a critical value of 1.0 g H2O.g −1 DW prior to cryopreservation, and during exogenous abscisic acid [58] application. Rice seedlings that were desiccated to about 75 % of their initial fresh weight produced new 20-kDa dehydrins [59, 60] .
However, it was observed that the total protein content of cold-acclimated spinach decreased in the early stages of deacclimation, and increased in the later stages of deacclimation due to accelerated protein synthesis. It was postulated that the freezing tolerance proteins synthesized in the spinach tissues during cold acclimation rapidly disappeared during deacclimation [61] . Pandey et al. [62] discovered that the protein content of drought-affected Anoectochilus formosanus decreased significantly (13.6 %) when compared to control plants. The team attributed the phenomenon to reduced protein synthesis and expression, and/or excess protein degradation. This could have occurred in the case of PLBs of Dendrobium sonia-28 as the total protein content of both cryopreserved and noncryopreserved PLBs decreased throughout the vitrification procedure, and could have required a longer period of time to increase to previous levels.
The CAT and SOD activities of PLBs of Dendrobium sonia-28 Subjected to Various Stages of the Control and Freezing Vitrification Treatments Although preculture was observed to have increased the CAT activity of the PLBs, cryopreserved PLBs showed a drastic increase in the CAT activity when thawing was commenced, and this trend continued up to the first growth recovery stage. The CAT activity was observed to have reduced during the second growth recovery stage. The SOD activity, on the other hand, showed a drastic increase at the first growth recovery stage, followed by a drastic reduction during the second growth recovery stage for non-cryopreserved PLBs, and a continual drastic increase from the unloading step onwards for cryopreserved PLBs. In the case of non-cryopreserved PLBs, the total protein content and CAT activity showed a concurrent decrease with the progression of the vitrification protocol, with the SOD activity heightening after 1 day of thawing, indicating an increase in the amount and conversion of the superoxide radical to hydrogen peroxide. The SOD activity reduced within a week to lower levels, indicating a reduction in the production of the superoxide radical. The entire phenomenon could have been the reason behind the rapid recovery and lower light sensitivity of non-cryopreserved PLBs.
On the other hand, the CAT and SOD activity of cryopreserved PLBs showed a drastic increase following the thawing and unloading stages, respectively, despite the reduced levels of proteins in the PLBs. The increased CAT activity indicated that large amounts of H 2 O 2 were being generated at the thawing stage, continuing up to the next day during the first growth recovery stage. However, the progressive increase in the SOD activity indicated two occurrences: firstly, that the superoxide radical accumulated excessively after cryopreservation, even up to a week after thawing, and secondly, increasing amounts of the superoxide radical were being converted to H 2 O 2 . The latter condition requires a concurrent increase in the CAT activity of the PLBs to reduce accumulation of H 2 O 2 . Since the CAT activity reduced after the first stage of growth recovery, the excessive accumulation of H 2 O 2 could have caused cryopreserved PLBs to undergo excessive oxidative stress, causing them to bleach during recovery. The CAT enzyme itself could have been impaired as a result of the freezing and thawing process, hence causing a reduction in their activity. The situation could have been exacerbated when the cryopreserved PLBs were exposed to light.
High catalase and low superoxide dismutase activities were shown to produce reduced •OH levels in cryopreserved micro-algae [13, 63] . The elevations in SOD and CAT activity of coldstored potato tubers were attributed to an increase in the constitutive expression levels of the enzymes, and were not caused by substrate levels or a general increase in all enzyme activities [64] . A study on the effects of chilling on cucumber seedlings showed that the catalase activity reduced during 96 h of chilling, leading to the accumulation of hydrogen peroxide in the cells. This was postulated to be a contributing factor in chilling injury. The catalase activity was restored to normal levels within 48 h of exposure to the control temperature, said to be caused by an increase in the catalase synthesis and/or activity [65] . In an experiment by Shohael et al. [19] on testing the effect of light on oxidative stress, secondary metabolites and induction of antioxidant enzymes in Eleutherococcus senticosus somatic embryos, it was observed that red light-treated embryos showed the highest increase in CAT and SOD activities, and that CAT is more involved in protecting the embryos from light-related stress. ROS-related cytotoxicity was attributed to the increase in SOD activity [64, [66] [67] [68] as it accelerated production of hydrogen peroxide, and the ensuing generation of the hydroxyl radical through the metal-catalyzed Haber-Weiss reaction. To avoid this phenomenon, concurrent elevations of catalases and peroxidases are integral in effective scavenging of hydrogen peroxide [64, 66, 68] .
Conclusion
The total protein and enzyme analyses of PLBs subjected to various stages of the vitrification experiment showed that there was a general decrease in the total protein content of cryopreserved PLBs with progression of the protocol, while a general increase was recorded in the superoxide dismutase activity. The results indicated that cryopreserved PLBs of Dendrobium sonia-28 underwent excessive post-thawing oxidative stress due to decreased levels of the catalase enzyme at the post-thawing recovery stage, which contributed to the poor survival rates of the PLBs.
